The adsorption of hydrogen on the stable state of the Ir͑100͒ surface, the quasihexagonally reconstructed phase Ir͑100͒-͑5 ϫ 1͒-hex, was investigated by density functional theory ͑DFT͒ for different coverages and zero temperature. It appears that the adsorbate induces significant structural substrate modifications which are typical for the adsorption site͑s͒ and are due to a complex interaction between adsorbate and substrate. The system's energetics, as well as the structure of the adsorbate and substrate, are provided for different coverages at which the mirror symmetry of the clean surface is either broken or saved. The total energy per H atom decreases with coverage. So, there is no island formation but always a homogeneous phase accessible by experiment. The structure of the substrate-which can be determined with high precision by experimental methods as low-energy electron diffraction-can be used by DFT as an identifier for the actual adsorbate coverage, and the corresponding adsorption sites can be determined by the usual energy minimization procedure.
I. INTRODUCTION
We investigate the adsorption of hydrogen on the stable, i.e., reconstructed ͑100͒ surface of iridium, Ir͑100͒-͑5 ϫ 1͒-hex. This surface exhibits a quasihexagonal surface layer ͑20% denser than a bulk layer͒ residing on quadratically ordered layers below leading to a ͑5 ϫ 1͒ periodic superstructure. [1] [2] [3] [4] [5] The interaction of the densely packed surface layer with subsurface layers leads to a considerable buckling of both the top layer and of layers below, 5 and so reflects the unusual sensitivity of Ir͑100͒ to surface modifications. Consistent with that, it was found that hydrogen adsorption has a dramatic influence. Under simultaneous thermal activation ͑T Ͼ 180 K͒ the 20% additional atoms in the surface layer are ejected to the very surface. There they form atomically thin wires again in fivefold periodicity on the fcc͑100͒-like reordered substrate, a phase denoted by Ir͑100͒-͑5 ϫ 1͒-H. 6 The precursor state of this transition, i.e., the low-temperature ͑T Ͻ 180 K͒ adsorption phase Ir͑100͒-͑5 ϫ 1͒-hex-H, has recently been investigated by quantitative low-energy electron diffraction ͑LEED͒ and density functional theory ͑DFT͒. 7 We could show that hydrogen adsorption makes-under a spontaneous symmetry break in the ͑5 ϫ 1͒ unit cell-one of the cell's Ir atoms substantially protrude from the surface, making it ready to be ejected from the layer when thermal activation is provided. Much beyond our earlier publication, 7 we investigate in the present paper the intimate mutual interaction between the hydrogen adsorbate and the quasihexagonally reconstructed substrate. We show that there is a strong correlation between their structures which can be used to increase the power of combined application of quantitative LEED and DFT. In the presence of scatterers as strong as Ir and a complex surface reconstruction described by a large set of parameters, LEED fails to detect the only very weakly scattering H atoms. 8 On the other hand, DFT can reliably calculate the hydrogen adsorption geometry for a given coverage. Yet, as long as it does not include the H 2 dissociation kinetics, it can only estimate the saturation coverage assumed in experiment, i.e., the experimental situation is not fully accessible. However, as LEED yields the substrate structure with high accuracy, this can be used by DFT as an identifier for both the coverage and the hydrogen adsorption positions; the substrate structure will only be correctly reproduced by DFT when every feature of the adsorbate system is considered correctly. This correlation was previously used successfully for the relatively simple case of H adsorption on the metastable Ir͑100͒-͑1 ϫ 1͒ surface. 9 We first describe the methodology of our DFT calculations and test their reliability in the subsequent section when calculating the known geometry of the clean surface. 5 In Sec. IV we focus on the structure and energetics of the hydrogencovered surface, Ir͑100͒-͑5 ϫ 1͒-hex-H. As the saturation coverage under the electron beam is s = 0.6 ML, 7 we only need to vary up to s in steps of 0.2 ML ͓1 H atom per ͑5 ϫ 1͒ unit cell͔ in order to cover the full range of coverages. So, we provide not only the full saturation adsorption structure as already experimentally investigated, but predict that also for = 0.2 and = 0.4 for experiments to come.
II. METHODOLOGY
DFT calculations were performed using the projector augmented wave ͑PAW͒ method 10, 11 of the Vienna ab-initio simulation package ͑VASP͒. [12] [13] [14] [15] The exchange correlation was treated within the generalized gradient approximation ͑GGA͒ according to Perdew et al. ͑PW91͒ . 16 For bulk iridium this results in a lattice parameter a 0 = 3.878 Å and a bulk modulus B 0 = 3.40 Mbar, which are close to the experimental values ͑a 0 exp = 3.839 Å, 17 B 0 exp = 3.55 Mbar͒. 18 The clean ͑H-covered͒ surface was modeled by repeated surface slabs of nine Ir layers ͑ϩH layer͒ of 17.5 Å thickness ͑ϩH layer͒ separated by a vacuum equivalent to a thickness of 5 Ir layers ͑9.7 Å͒. Five Ir atoms per layer were considered to form a ͑5 ϫ 1͒ unit cell, with an additional Ir atom in the first layer to allow for the quasihexagonal reconstruction, in which two surface atoms in the unit cell reside in bridge sites of the second Ir layer ͑"two-bridge model" 1,2 ͒. The slabs were asymmetric in the sense that hydrogen adsorption and multilayer relaxation were considered on one side only. On the other side all four Ir interlayer spacings were kept fixed ͑bulklike termination͒. Dipole correction was applied though the effects could have been neglected. The structural optimization was stopped when the forces computed were below 0.05 eV/ Å ͑or 0.01 eV/ Å to yield higher accuracy for configurations of special interest͒. For the determination of ground-state energies, sampling of the irreducible Brillouin zone was made by a ͑3 ϫ 15ϫ 1͒ Monkhorst-Pack mesh 19 consisting of up to 23 k-points, depending on the symmetry of the structure. As the geometry of different structures is less sensitive to the density of the sampling grid than energies, the less dense sampling grid ͑3 ϫ 11ϫ 1͒ was used to calculate substrate relaxations.
To consider zero-point energies the vibrational frequencies of the H atoms were calculated by determining the forces resulting for displacements by 0.03 Å off the groundstate positions in all directions. As no correlations between adatoms in different ͑5 ϫ 1͒ cells were considered only ⌫-point phonon modes were accessible. Assuming that the adsorbate-phonon dispersion is weak and monotonic-as was shown to hold for hydrogen adsorption on Ir͑100͒-͑1 ϫ 1͒
9 -we approximated zero-point energies by the ⌫-point frequencies as a rough estimation.
III. STRUCTURE AND STABILITY OF CLEAN Ir"100…-"5 Ã 1…-HEX
As the clean surface has been subject to thorough experimental [1] [2] [3] [4] [5] and theoretical [20] [21] [22] investigations, it is a good test case for the agreement between our first-principles calculations and other theoretical and experimental data. The geometrical parameters to be determined are defined in Fig.  1 , whereby normal to the surface there are two mirror symmetry planes as indicated by the broken lines, so that b n ij = b n iЈjЈ and p n k =−p n kЈ . In Table I the parameters resulting from the present work are compared to those yielded by quantitative LEED ͑Ref. 5͒ and earlier DFT investigations. 22 Evidently, the experimental values can be reproduced excellently by DFT. The slight differences between the two sets of DFT results are within the typical limits of errors of DFT.
As the top layer of the reconstructed phase contains one additional atom per ͑5 ϫ 1͒ unit cell, its relative stability with respect to the unreconstructed surface cannot be determined by direct comparison of their energies. Instead, the reconstruction energy ⌬E r
needs to be evaluated. E ͑5ϫ1͒−hex corresponds to the energy of a slab where one side is quasihexagonally ordered, the other one bulklike. E ͑5ϫ1͒−qu denotes the energy of five quadratic unit cells of the unreconstructed ͑and also relaxed͒ surface. E vol considers the energy of the atom missing in the unreconstructed slab and is approximated by the energy of a bulk Ir atom. By the factor 1 5 the absolute value of ⌬E r is normalized to the area of the ͑1 ϫ 1͒ unit cell. We obtain ⌬E r = 51 meV per ͑1 ϫ 1͒ unit cell, confirming the relative stability of the reconstructed with respect to the unreconstructed surface.
IV. HYDROGEN-COVERED Ir"100…-"5 Ã 1…-HEX
To study H adsorption on Ir͑100͒-͑5 ϫ 1͒-hex we concentrated on two aspects. First, we investigated the energetics for varying coverage and different adsorption sites in each case in order to get information on the relative stability of the adsorbate structures as a function of coverage. Our secondthough not independent-focus is on surface crystallography, i.e., the adsorbate site, the adsorbate bond length to adjacent substrate atoms, and the structural changes induced within the substrate.
Within the ͑5 ϫ 1͒ unit cell of the Ir͑100͒-͑5 ϫ 1͒-hex surface a great many possible adsorption sites are available. They can be roughly classified as the threefold coordinated hollow ͑H͒, a twofold bridge ͑B͒, and onefold top sites ͑T͒. Yet, due to surface buckling and the different arrangement of atoms in top and subsurface Ir layers, most of these sites have-compared to the corresponding sites on the unreconstructed surface-a different coordination to second-layer Ir atoms. Thus, we must expect that an adsorbate atom initially placed on one of these ideally coordinated sites may be driven in the direction of a neighbored one and so an intermediate position results. Nevertheless, we apply the classification according to H, B, and T sites as starting sites, resulting in 17 inequivalent sites as illustrated in Fig. 2 , and denote the sites occupied after relaxation by H * , B * , and T * . Subsurface sites were not investigated, since no respective hints were found in independent thermal desorption experiments. 23, 24 Such sites have also been proven to be unfavorable by about 1 eV with respect to the gas phase on the unreconstructed ͑metastable͒ Ir͑100͒-͑1 ϫ 1͒ surface. 
A. Energetics
To gain insight into the stability of the adsorption sites involved we first investigated the energetics of the 17 sites shown in Fig. 2 when occupied singly, i.e., for a coverage of = 0.2 ML. The energetics of higher coverage values were investigated only for a selection of adsorbate configurations, as favored by the energy values of the single adsorbates. ͑The calculation of all possible combinations of sites would have been neither practical nor reasonable.͒ Of course, the final justification for this strategy comes only by the eventual reproduction of the correct substrate structure at saturation coverage ͑Sec. IV B͒.
A useful quantity for the treatment of the adsorption system is the heat of adsorption as defined by
which provides the energy gain per adsorbate atom relative to the energy in the gas phase. E nH ͑5ϫ1͒−hex denotes the total energy of the substrate slab covered by n adsorbate atoms in the ͑5 ϫ 1͒ unit cell. E ͑5ϫ1͒−hex accounts for the clean substrate slab and E H 2 for the free hydrogen molecule. The ground state corresponds to the adsorption site with the highest ͑positive͒ value of E ad . Sites with negative heat of adsorption cannot be occupied.
The above definition of E ad considers the adsorption potential for the hydrogen atom only, but neglects its vibrational ground-state energy which, however, can be significant for chemisorbed light atoms. To correct for it, we average over the 3n vibrational modes i resulting in
From this we have to subtract the vibrational ground-state energy of the free molecule ͑calculated as ប H 2 /2 = 264 meV͒, 9 so that the total correction per atom is
leading to the zero-point vibration corrected value 
The calculation of the vibrational frequencies is very demanding in terms of computing time. Therefore, they were calculated only for = 0.2 ML and for special configurations at 0.4 and 0.6 ML where the calculation of E H ad vib was crucial to determine their relative stability. . The largest value, i.e., the ground state for single-site occupation, is a H atom residing on the geometric borderline between the bridge site B1 and hollow site H1, so that B1 * = H1 * ͑we will discuss the site in more detail in Sec. IV B͒. The resulting heat of adsorption is E ad cor = 384 meV. The other site energies range between 76 and 327 meV. Some sites are altogether instable, i.e., relaxation makes the corresponding H atoms move completely to a neighboring site.
Obviously from Table II , the inclusion of the zero-point energy E H ad vib changes the energetic hierarchy of the sites. Without correction T1 * is preferred to H3 * and T2 * to H5 * , but this is reversed by inclusion of the zero-point vibrations. This shows that it can be important to include E H ad vib when the energy difference between different configurations is of the order of the vibrational correction. Yet, when-as in the present case ͑and also for = 0.4 ML͒-the ground state is energetically leading by a large margin, the correction is unimportant with respect to the identification of the stable adsorption scenario.
The preference of H to adsorb at the Ir͑2͒ in Fig. 2 ͑site B1 * or, equivalently, H1 * ͒ can be understood within a simple broken-bond model. This Ir atom protrudes most strongly from the surface, since it resides nearly on top of a second layer Ir atom. Therefore, atom Ir͑2͒ has less bonding partners in the second layer than other top layer Ir atoms and so, due to this lower coordination, is more amenable to an additional bonding partner, in this case the hydrogen adsorbate.
At this point we should address the issue of symmetry elements of the adsorbate phase in comparison to the two mirror symmetries M x and M y , which apply to the clean surface as mentioned in Sec. III and indicated in the bottom panel of Fig. 1 Fig. 3 for the energetically most favored hydrogen pairs and additionally for the symmetry-conserving configuration ͑H2 * H2Ј * ͒. Of course, for all configurations a new relaxation process was allowed. Also, there are different possible choices for the starting substrate geometry of a two-sites configuration's relaxation. The first would start with the clean surface and place the two H atoms at the sites under consideration. The second possibility is to start with, e.g., the most stable singlesite occupation and add the second H atom onto the second ͑ideal͒ site under consideration. The two strategies were applied for the configuration ͑H1H1Ј͒, resulting in the same geometry within 0.01 Å. Therefore, we used only the second way of calculation throughout this paper.
It turns out that some of the configurations are unstable in the sense that the adsorbates are moved towards adjacent sites during the relaxation process; e.g., the occupation of H2 right next to an already occupied H1 * ͑=B1 * ͒ site forces the latter to move to an almost ideal bridge site, B1 * . Table III shows in the first column the zero-point uncorrected values E ad for the energetically most favored configurations, as already displayed in Fig. 3 . Clearly, the combination H1 H1Ј is the ground state, i.e., the mirror symmetry broken at = 0.2 ML is restored at = 0.4 ML. However, for this state we also calculated the vibrational correction as given in the third column of the table. Since it is still larger than the uncorrected energy for the second favorable-site combination, and the vibrational correction usually reduces the calculated heat of adsorption, H1H1 * remains the ground state. Generally, 
from which we can estimate the H-H interaction energy for = 0.4 ML by
This results as ⌬E int Ͻ 30 meV for all configurations except for ͑B1 * H2 * ͒ as displayed also in Table III . So, the heat of adsorption at = 0.4 ML can be described by the superposition of the single-site values with an error of less than 10%. This means that the interaction between the H atoms is weak as long as they do not bond to the same substrate atoms as true for the leading configurations in Table III . The zeropoint correction affects the hierarchy of only the energetically less favorable configurations.
= 0.6 ML
With the M y mirror symmetry broken at = 0.2 ML but restored at = 0.4 ML, the question arises whether the occupation of a third adsorption site for = 0.6 ML will again break the symmetry or conserve it. Certainly, the symmetry can only be preserved if-independent of towards which exact ͑symmetric͒ sites the first two atoms will relax-the third atom adsorbs on site B3, B4, T2, or T3. As judged from the single-site energies B3 is the most promising candidate for that, but symmetry-breaking combinations are more probable by the same reasoning. So, we should expect a symmetry break and, since this was indeed detected by LEED recently 7 ͑and confirmed by our DFT calculations in the same work͒, we include the symmetric configuration ͑H1B3H1Ј͒ only for comparison and control.
The investigated configurations are displayed in Fig. 4 , and Table IV lists TABLE III. DFT results for the favorable two-sites configurations ͑ = 0.4 ML͒ as displayed in Fig. 3 . E ad is the adsorption energy ͑not zero-point corrected͒ and Ē ad is the average of values of the single sites involved as given in Table II when the zero-point correction is not applied. Of course, the latter must play a decisive role in this close situation. Indeed, by its inclusion the energy difference increases to 21 meV per H atom, and so the configuration of ͑H1 * H3 * H1Ј * ͒ is favored over ͑B1 * T3 * H1Ј * ͒ by 3 ϫ 21= 63 meV per ͑5 ϫ 1͒ unit cell. Also, the corrected energy for ͑H1 * H3 * H3Ј * ͒ is still more favorable than the uncorrected one for ͑H1B3H1Ј͒. Since the latter will decrease further upon zero-point correction, the symmetric configuration can be safely ruled out, confirming that the symmetry-breaking combination ͑H1 * H3 * H1Ј * ͒ is the ground state.
Experimental observability of the different phases
As shown, the zero-point corrected equilibrium adsorption energy per H atom decreases monotonically with increasing coverage from 384 meV at = 0.2 ML over 373 meV at = 0.4 ML to 353 meV at = 0.6 ML. Therefore, at no coverage there will be island formation, i.e., the less dense homogeneous phase is more favorable than uncovered domains combined with islands with denser coverage. Moreover, with E ad cor ͑ = 0.4͒ Ͼ 1 2 ͓E ad cor ͑ = 0.2͒ + E ad cor ͑ = 0.6͔͒ there will be no phase separation in low-and high-coverage domains in the ideal equilibrium case, and so the stable phases calculated for coverage values below saturation should be experimentally accessible. Yet, the stability condition is met by 4.5 meV only, so that kinetics hindering the adsorbate to assume equilibrium might be of influence.
B. Structure
The minimization procedure of interatomic forces to find the maximum heat of adsorption by relaxing the structure provides, of course, the related crystallography of both the adsorbate and the substrate for a given coverage. Yet, as already mentioned, the comparison of DFT-calculated equilibrium energies for individual coverages does not allow us to determine the experimental saturation coverage safely. Fortunately, we will see that the substrate structure depends strongly on adsorbate coverage and position͑s͒, i.e., always some of the 12 geometric parameters describing the top substrate layer differ by about 0.1 Å or more for different adsorption scenarios. As discrepancies between DFT and experimental methods such as quantitative LEED are, especially for vertical displacements, well below 0.1 Å, the substrate structures predicted by DFT for different adsorbate configurations can be discriminated by LEED and so the adsorption scenario meeting experiment can be identified.
With the mirror symmetry M y broken, so that b n ij b n iЈjЈ and p n k −p n kЈ must be allowed ͑see Fig. 1͒ , the number of parameters describing the substrate structure is substantially enlarged. Since the detailed description of the more than 20 investigated structures does not provide useful information, we will limit ourselves to the energetic ground states for the three investigated coverage values, as well as a few more structures, to demonstrate the substrate's structural dependence on the occupied site͑s͒. Table V compares the parameters resulting from DFT calculations with H adsorbed on the H1 * site ͑ground state͒ to those of H on H2 * , which is energetically the second-best site. To highlight the changes induced by the adsorbate, we also provide the structural details of the clean surface from Sec. III for comparison.
= 0.2 ML
The substrate parameters clearly show that the asymmetric site which breaks the M y mirror symmetry induces an asymmetry also in the substrate. This is found to be especially strong for the buckling parameter = 0.53 Å͒. Concerning parallel shifts, the top layer atoms exhibit, compared to the clean surface, a strong unidirectional shift of 0.09 Å on average for the H1 site, whereby an opposite shift in the second layer is induced, though only by 0.02 Å. As can be expected, the adsorbate-induced changes weaken with increasing depth, and so there is no significant asymmetry in the bucklings of the third and fourth layer. We also point out that, though the differences in local changes induced by the adsorbate are quite large, the center-of-mass interlayer spacings d i,i+1 are almost constant, i.e., differ at most by 0.01 Å from the clean surface values. Even though the sites H1 * and H2 * are very close to each other since both are coordinated to Ir͑2͒ and Ir͑3͒, the resulting substrate modifications are clearly distinct from each other, especially the buckling parameter b 1 23 of the Ir atoms adjacent to these sites. This buckling parameter is larger by 0.12 Å when the H1 * site is occupied than in the case of the H2 * site occupation. Changes of similar magnitude can be found in the buckling parameters b 1 13 and b 1 34 . The parallelshift parameters also differ by 0.02-0.09 Å. So, the two sites will be clearly distinguishable in a LEED structure analysis to come. As mentioned before, the H atom relaxes towards the same ground state H1 * = B1 * independent of its initial position ͑ideal bridge site B1 or on the ideal hollow site H1͒. The resulting structure can be considered neither as a clear bridge site nor as a clear hollow site, but is instead borderline between these. This can be quantified when considering the relation of the adsorbates' distance from the adjacent Ir at- oms L H−2 / L H−3 = 0.78. For a "perfect" hollow site, i.e., equidistant from all three neighboring atoms, this relation would be L H−2 / L H−3 = 1. If we assume a H radius r H = 0.44 Å, as it results from the bridge-site occupation in the Ir͑100͒-͑1 ϫ 1͒-H phase 9 and as is consistent with the value of L H−2 , a perfect bridge site would result in L H−2 / L H−3 = 0.61. Therefore, H1 * ͑=B1 * ͒ corresponds to an intermediate position.
= 0.4 ML
For a coverage of 0.4 ML the structure resulting from the adsorption of a H atom on each of the symmetrically equivalent H1 * sites is given in the right-hand column of Table V . Though the substrate's M y mirror symmetry holds, like in the case of the clean surface, there are significant changes in the first-layer buckling parameters b 1 13 and b 1 23 . This allows us to discriminate the clean surface from the substrate covered by H atoms in ͑H1 * H1Ј * ͒ configuration. The modification of the buckling and parallel-shift parameters decays quickly when going deeper into the surface. The center-of-mass layer spacings differ only moderately.
3. = 0.6 ML For the adsorption of 3 H atoms per ͑5 ϫ 1͒ unit cell we have shown in Sec. IV A 3 that two distinct adsorbate configurations exist ͑H1 * H3 * H1Ј * ͒ and ͑B1 * T1 * H1Ј * ͒, which are energetically degenerate unless vibrational effects are considered. Table VI shows the geometric parameters of these two structures and compares them to the experimental result obtained by LEED for saturation coverage. 7 The calculated substrate relaxations differ by up to 0.13 Å in buckling parameters and by 0.12 Å in surface-parallel shifts for the two configurations. Clearly, this allows us to differentiate between the two phases through the substrate structure.
It is obvious that the quality of the DFT-LEED agreement is optimal for the adsorbate configuration ͑H1 * H3 * H1Ј * ͒. While the discrepancy between parameters is 0.03 Å at maximum for the top layer, it increases stepwise to 0.06 Å at maximum for the fourth layer, possibly due to the reduced sensitivity of LEED in deeper layers. In contrast, the theoryexperiment discrepancies for the ͑H1 * T2 * H1Ј * ͒ configuration vary as much as between 0.07 and 0.13 Å even for toplayer parameters of the substrate. This unequivocally identifies the ͑H1 * H3 * H1Ј * ͒ configuration as that experimentally realized at saturation coverage, consistent with the maximum heat of adsorption calculated by DFT.
V. CONCLUSION
Our DFT calculations for hydrogen adsorption on Ir͑100͒-͑5 ϫ 1͒-hex have shown that this surface is structurally very sensitive to adsorption consistent with the rather small energy reduction compared to the unreconstructed surface, ⌬E r = 51 meV per ͑1 ϫ 1͒ unit mesh. This is in line with the observation that the reconstruction, whose main characteristic is a quasihexagonally close-packed top layer residing on fcc͑100͒-like layers below, is lifted when the hydrogensaturated surface is annealed ͑T Ͼ 180 K͒ or the hydrogen is adsorbed at elevated temperatures. 6 Without thermal activa- Of course, with increasing coverage the structural situation becomes more and more complex with different adsorption scenarios getting closer in energy, so that they can only be differentiated by inclusion of zero-point vibrations in the energy balance. Nevertheless, for all the investigated H configurations, the modification of the substrate induced by the adsorbate is characteristic for the actual adsorption scenario, i.e., for the total coverage and the adsorption sites occupied at that coverage. In other words, there are no two adsorption site scenarios which induce the same substrate structure and there are no two substrate structures corresponding to the same adsorption scenario. It turns out that with an uneven number of H atoms adsorbed per ͑5 ϫ 1͒ unit cell ͑1 H and 3 H in the present case͒ the mirror symmetry plane perpendicular to the long side of the ͑5 ϫ 1͒ unit cell, applying for the clean surface, gets broken spontaneously. This comes because of the fact that adsorption sites within this symmetry plane are energetically less favorable than others. Only for the case with 2 H atoms adsorbed, all symmetry elements of the clean surface are saved. Note that the symmetry break due to H positions would have only a little influence on LEED intensities. Yet, they are modified rather strongly by the structural changes induced in the substrate. Starting with the symmetric clean substrate and increasing the hydrogen coverage, the symmetry is first broken for 1 H/cell, then restored for 2 H/cell, and then again broken for 3 H/cell. There is a good chance to retrieve theses features by quantitative LEED since all coverage scenarios can be prepared as stable phases. This has been demonstrated for saturation coverage, 7 whereby only for this coverage the substrate structure calculated by DFT agrees with that retrieved by LEED. The symmetry break involved is such that one of two symmetrically equivalent Ir atoms in the ͑5 ϫ 1͒ unit cell which protrudes already from the clean surface is caused to protrude even further in the 3-H adsorption phase. So, it is made ready to be ejected when thermal activation is provided. Accordingly, the 3 H phase is a precursor of the transition with the symmetry broken already before the transition gets activated.
The present system H / Ir is special in the sense that rather weak and strong scatterers both for electrons and x rays are TABLE VI. DFT results for the geometry at = 0.6 ML for the two energetically favored configurations compared to the LEED result. 7 All quantities are in angstrom. LEED 7 DFT involved. This means that, e.g., quantitative LEED cannot reliably detect the H adsorption sites and the experimental determination of the absolute coverage is difficult anyway. In contrast, LEED very easily determines the substrate structure, and with an accuracy much better than 0.1 Å, which is the order of magnitude of the structural shifts induced by hydrogen. On the other hand, DFT is powerful in the determination of the H sites as a function of coverage via energy minimization. Yet, though the saturation coverage can, in principle, also be accessed by DFT through energy minimization, this requires the ͑computationally demanding͒ consideration of the hydrogen dissociation kinetics. Therefore, each of the two methods, LEED and DFT, has their weak sides but these can be overcome by the methods' combined application. As has been shown in the present paper, the experimental coverage can be identified by DFT in testing at which coverage ͑and adsorption sites assumed at that͒ the substrate structure as determined by quantitative LEED is accurately reproduced by DFT. The interplay between the adsorbate and substrate structure is crucial for solving the total structure. Of course, this does not apply only for the 0.6 ML saturation coverage, but also for 0.2 and 0.4 ML, which will allow us to solve the total structure for these situations when corresponding LEED data should become available.
